Molecular profiling of tumors has proven to be a valuable tool for identification of prognostic and diagnostic subgroups in medulloblastomas, glioblastomas, and other cancers. However, the molecular landscape of atypical teratoid/rhabdoid tumors (AT/RTs) remains largely unexplored. To address this issue, we used microarrays to measure the gene expression profiles of 18 AT/RTs and performed unsupervised hierarchical clustering to determine molecularly similar subgroups. Four major subgroups (clusters) were identified. These did not conform to sex, tumor location, or presence of monosomy 22. Clusters showed distinct gene signatures and differences in enriched biological processes, including elevated expression of some genes associated with choroid plexus lineage in cluster 4. In addition, survival differed significantly by cluster, with shortest survival (mean, 4.7 months) in both clusters 3 and 4, compared with clusters 1 and 2 (mean, 28.1 months). Analysis showed that multiple bone morphogenetic protein (BMP) pathway genes were upregulated in the short survival clusters, with BMP4 showing the most significant upregulation (270-fold). Thus, high expression of BMP pathway genes was negatively associated with survival in this dataset. Our study indicates that molecular subgroups exist in AT/RTs and that molecular profiling of these comparatively rare tumors may be of diagnostic, prognostic, and therapeutic value.
R habdoid tumors are extremely aggressive tumors that occur primarily in young children. These tumors can occur in kidney, extra-renal tissues, or the central nervous system (CNS). Those that occur in the CNS are specifically referred to as atypical teratoid/rhabdoid tumors (AT/RTs). Histologically, rhabdoid tumors are generally recognized by the presence of rhabdoid cells and by expression of markers from heterogeneous cell lineages in a single tumor. 1 Molecularly, it has been shown that the hallmark of rhabdoid tumors is deletion or mutation of the gene SMARCB1 (aka INI1, hSNF5, BAF47) that results in loss of functional protein expression. 2, 3 Although progress has been made in treating other World Health Organization grade IV CNS tumors, such as medulloblastoma, AT/RTs have a dismal prognosis, with typical survival times of ,2 years, even with aggressive treatment. 4 Gross total resection and use of radiation in children aged .3 years have been associated with improved survival times. 5, 6 Recently, use of intensive multimodal treatment based on a rhabdomyosarcoma protocol has shown an increase in survival (2-year overall survival rate, 70% + 10%). 7 To date, only 2 factors aside from treatment have been found to be prognostic for outcome in AT/RTs. Younger age at diagnosis (,2 or 3 years) 4, 8 and the presence of germline mutations 9, 10 are associated with shorter survival times. Studies of medulloblastoma and gliomas have shown that, even within a single diagnostic entity, individual tumors can be subclasssed into different groups based on their gene expression. 11 -17 Classification based on this molecular profiling may show higher prognostic accuracy than histopathological or clinical criteria. 18, 19 In addition, these underlying biological differences may affect treatment responses. Therefore, recognition of tumor subgroups based on molecular profiling can provide important guidance for evaluation of treatments and development of new therapies. For AT/RTs, it has been suggested that differences in AKT phosphorylation may define tumor subgroups. 20 However, analysis of global gene expression in AT/RTs has only been conducted in studies using 5, 9, and 3 samples. 16, 21, 22 Understandably, no attempt has been made to identify molecular subgroups with use of these limited datasets. Thus, the extent to which gene expression may vary among AT/RTs remains unexplored.
Our aim in the study reported here was to examine the molecular profiles of AT/RTs to determine whether prognostic or diagnostic subsets exist in this diagnostic entity, as have been identified in other tumors. Toward this goal, we used microarray technology to measure the expression of 20,000 distinct genes in 18 AT/RT tumor samples, which represents the largest collection of gene expression data reported to date for this tumor type. With use of these data, unsupervised hierarchical clustering was performed to determine molecularly similar subgroups. The subgroups were analyzed to identify the biological processes and signaling pathways associated with each. Of importance, subgroups were also analyzed for differences in overall survival. The results presented in this study are the first to address whether subclassifications with prognostic or diagnostic use may exist in AT/RTs.
Materials and Methods

Tumor Specimens
A total of 18 AT/RTs were included in this study. Fourteen specimens were from patients who underwent surgical procedures at The Children's Hospital, Denver, Colorado, from 1995 through 2010, in compliance with internal review board regulations (COMIRB #95-500). Nine of these samples have been published elsewhere. 21 Tumor samples were collected at the time of surgery and snap frozen in liquid nitrogen until further use. Additional specimens were from the Children's Cancer Centre, Royal Children's Hospital, Parkville, Australia (1 sample), and from the Children's and Women's Health Centre of BC, Vancouver, Canada (3 samples). All 18 AT/RT tumor samples were collected before initial treatment, and all showed homogeneous loss of nuclear immunostaining for SMARCB1 protein. Patient characteristics, including presence or absence of monosomy 22 by fluorescence in situ hybridization, are shown in Table 1 .
Molecular Profiling by Gene Expression Microarray
Gene expression of samples was measured using Affymetrix HG-U133 Plus 2 GeneChip microarrays (Affymetrix). RNA was extracted from each sample with use of an RNeasy or DNA/RNA AllPrep kit (Qiagen), according to the manufacturer's directions. Five micrograms of RNA was then reverse-transcribed using a T7-(dT) 24 oligomer and Superscript II Reverse Transcriptase (Invitrogen). The resulting cDNA was converted to cRNA, fragmented, and labeled using the Enzo BioArray HighYield RNA transcript labeling kit (Enzo Life Sciences). For 1 sample (3161), limited amount of starting RNA precluded use of the Superscript II/Enzo protocol. Instead, 400 ng of RNA from sample 3161 was processed using the Ambion MessageAmp Premier RNA Amplification Kit (Applied Biosystems), according to the manufacturer's directions. RNA quality for all samples was verified using the Nano Assay Protocol for the 2100 Bioanalyzer (Agilent) at 2 times: (1) after initial extraction of the RNA from the tumor sample and (2) after preparation of the RNA for chip hybridization. The fragmented, labeled RNA was hybridized to the HG-U133 Plus 2 GeneChips, according to the manufacturer's instructions.
Data Analysis
Data analysis was performed in R (http://www.r-project. org/), using packages publicly available through Bioconductor (http://www.bioconductor.org). As a first step, the scanned microarray data were background corrected and normalized using the gcRMA algorithm 23 resulting in log 2 gene expression values. Multiple probesets for a gene were then collapsed to 1 entry per gene, based on the mean best-expressed probeset for that gene. All subsequent analyses used these normalized values for input. CEL files and normalized microarray data have been deposited in GEO (accession number GSE28026).
Hierarchical clustering was performed using the normalized gene expression data. Distances based on Spearman correlations were calculated for input to an agglomerative algorithm with use of complete linkage, as implemented in the Bioconductor hclust function.
Differential gene expression between clusters was calculated using the Bioconductor limma function. 24 Data were filtered before input to eliminate genes not expressed in any samples or that showed only limited variance across samples. The limma function performs pair-wise comparisons between a target group and each of the other user-defined groups in the dataset. It uses an Empirical Bayes approach to calculate a moderated t statistic and calculates a false discovery rate (FDR) that accounts for multiple testing both within and across groups. The unique molecular signature of each cluster was defined as genes that showed significant differential expression in all 3 of the pair-wise comparisons (FDR ≤0.1 and mean fold difference ≥1.5) and for which the mean difference was in the same direction when compared with all of the other clusters (ie, either all upregulated or all downregulated in all of the comparisons with respect to that cluster).
The Kaplan-Meier method was used to estimate the probability of survival as a function of time. Survival was calculated from the date of initial diagnosis to the date of death from any cause; patients alive at the time of analysis were censored. Differences between survival curves were analyzed for significance with use of the log-rank test. Multivariate analysis of the relative importance of factors to survival was performed using the Cox proportional hazards method.
Differences between shorter survival and longer survival groups for individual genes were calculated using 2-sample t tests. The FDR was estimated using the Benjamini and Hochberg method, as implemented in the Bioconductor function q value. An FDR cutoff of ≤0.05 with a mean fold difference ≥1.5 was used to indicate significance.
Functional annotation analysis of differentially expressed genes was performed with the National Institutes of Health Database for Annotation, Visualization, and Integrated Discovery (DAVID) Web tool (http://david.abcc.ncifcrf.gov/), 25, 26 using Biological Process Gene Ontology (GO) 27 terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Gene set enrichment analysis was used to examine enrichment of genes in predefined reference sets that are based on biological knowledge. 28 Unlike other approaches that examine only genes meeting a predetermined cutoff, this tool computes an aggregate score for all genes in the reference set, based on their relative ranking in the data.
Functional network analysis was performed using Ingenuity Pathways Analysis (IPA; Ingenuity Systems; http://www.ingenuity.com), which enables the visualization and exploration of molecular interaction networks on the basis of gene expression data. The genes showing statistically significant differences between shorter and longer survival groups, as identified above, were used as input. These genes were overlaid onto a global molecular network developed from information contained in Ingenuity's Knowledge Base. Networks were then algorithmically generated on the basis of their connectivity and were ranked by IPA on the basis of the number of genes represented in the network from the submitted gene list.
Quantitative Real-Time Polymerase Chain Reaction
Gene expression was validated using quantitative realtime polymerase chain reaction (qRT-PCR) performed on a StepOne Plus Real Time PCR System (Applied Biosystems) using Taqman gene assay reagents (Applied Biosystems), according to the manufacturer's protocols. First-strand cDNA was generated from total RNA with use of the High-Capacity cDNA kit (Applied Biosystems). The resulting cDNA was used as input to each qRT-PCR, along with the appropriate Taqman gene-specific probe and PCR reagents. All qRT-PCR assays were done in triplicate. Relative quantity was calculated using the DDCT method with GAPDH as the endogenous control.
Results
Unbiased Hierarchical Clustering Identifies 4 Molecular Clusters in AT/RTs
To examine the molecular landscape of AT/RTs, gene expression of 18 AT/RTs was measured using Affymetrix U133 Plus2 GeneChips. Unsupervised hierarchical clustering was performed using only the genes with the highest variance across samples (top 10%). In the resulting dendrogram, the AT/RTs are grouped into 4 main clusters, with 4 samples in cluster 1, 6
samples in cluster 2, 3 samples in cluster 3, and 5 samples in cluster 4 ( Fig. 1A) . To test the robustness of this grouping, clustering was repeated using different cutoff values (eg, top 20%, top 50%, or top 70% of genes). Only one change occurred in any of the clustering outcomes: sample 737 switched from cluster 2 to cluster 3. The remainder of the results remained identical regardless of the number of genes on which clustering was based (data not shown). These results indicate that these cluster groupings are highly stable and robust for this dataset. The subgroups were further examined by principal components analysis. Cluster 1 and cluster 4 showed clear separation from each other and the other clusters (Fig. 1B) . Clusters 2 and 3 showed more proximity to each other, but still appeared as separate groups. Thus, the principal components analysis results are consistent with the clustering results. All subsequent analyses were performed using the cluster assignments shown in Fig. 1A . The patient characteristics for the samples included in this study, grouped by cluster, are shown in Table 1 . These data show that the clusters are not based on sex, location of tumor, or presence of monosomy 22.
Molecular Clusters Show Distinct Gene Expression
Differential expression was examined to determine which genes were most distinctive for each cluster. Cluster 4 showed the most unique gene signature, with 531 genes differentially expressed, compared with clusters 3, 2, and 1. Cluster 2 contained 346 signature genes, compared with 4, 3, and 1, whereas cluster 3 and cluster 1 showed the fewest differences, with only 81 and 201 genes, respectively (Supplementary Table 1 ). Of note, several genes associated with choroid plexus, including TTR, KCNJ13, HTR2C, and F5, 29 were significantly upregulated in cluster 4. However, other genes associated with choroid plexus in the same study, such as STC, GPX3, and FBLN1, did not show any difference in expression across clusters.
To further characterize each cluster, the Web tool DAVID was used to look for enrichment of genes associated with GO biological process terms or KEGG pathways. The signature genes identified above for each cluster were input to DAVID. Results show that distinct processes were enriched in each cluster (Supplementary  Table 2 ). In cluster 1, immune response-related processes were enriched among upregulated genes, represented most frequently by IL18, TLR4, GIMAP5, and CASP1. Bone development processes were associated with downregulated genes in cluster 1, including BMP2, BMP7, and FZD1. Numerous processes related to neurogenesis and transcriptional regulation were upregulated in cluster 2. Sixty-three upregulated genes in cluster 2 contributed to enrichment of these processes, including APBB1, ASCL1, GL2, ID4, PBX1, and POU3F1. Various immune processes related to HLA genes were downregulated in cluster 2. Cluster 3 showed upregulation of 3 genes (CFC1, RTTN, and SHH) associated with establishment of left-right symmetry. Cluster 4 showed upregulation of WNT-signaling pathway genes, including FZD6, FZD9, and WNT5A. Finally, in contrast with cluster 2, cluster 4 showed that numerous processes related to neurogenesis, brain development, and axonogenesis are associated with 26 down-regulated genes, including CDH4, MAP1B, NTN1, POU3F2, ROBO1, and TIAM1.
AT/RT Molecular Clusters Show Partial Correspondence to Histological Observations
To determine whether there are any histological correlates to the molecular clusters, pathology reports were reviewed for the samples in this study. Pathology reports, all based on surgical sections, were available for 14 of the 18 tumors. Observed tumor histopathology showed some correspondence to the molecular clustering, as noted below.
Gross cell morphology was distinct for samples in cluster 2, compared with other clusters. Small, monotonous blue cells were the primary component in all of the 4 tumors for cluster 2. No rhabdoid cells were observed in 2 of these tumors. In contrast, none of the 10 samples across clusters 1, 3, or 4 contained a predominant blue cell component.
One tumor in cluster 3 and 1 tumor in cluster 4 were originally diagnosed as choroid plexus carcinomas. Subsequent to the establishment of nuclear loss of SMARCB1 protein as a marker for AT/RTs, these tumors were re-analyzed with this immunostain. Both tumors showed loss of SMARCB1 and were subsequently reclassified as AT/RTs. An additional tumor in cluster 4, although recognized as an AT/RT because of loss of SMARCB1 immunostaining throughout the tumor, was noted to have a distinct papillary architectural pattern suggestive of choroid plexus lineage. These findings are of note because of the upregulation of choroid plexus-related genes observed by molecular profiling in cluster 4.
Differences in proliferation rate also appeared to vary by cluster. Samples in cluster 4 were associated with the highest proliferation rates, as measured by ≥6 mitoses observed per high power (40x) field and/or positive immunostaining by MIB1 (seen only in cells in G1, S, or M phase of cell cycle) in 40%-60% of tumor cells. Samples in clusters 1, 2, and 3 showed proliferation rates of 3 mitoses per high power field or ≤40% cells positive for MIB1.
Immunohistochemistry for mesenchymal (vimentin, smooth muscle actin), epithelial (pan-cytokeratin, epithelial membrane antigen), glial (glial fibrillary acidic protein), and neuronal (synaptophysin, neurofilament protein, and neuron-specific enolase) lineage markers did not show any consistent differences between clusters.
AT/RT Molecular Clusters Are Differentially Associated with Survival
Past studies have shown that molecular profiling of tumors may identify subgroups with prognostic differences, in addition to molecular differences. Therefore, overall survival was analyzed for the identified AT/RT clusters. A Kaplan-Meier plot shows that the 4 clusters differed significantly with respect to survival (P ,.001) (Fig. 2A) . Shorter overall survival times were seen for clusters 3 and 4, whereas clusters 1 and 2 showed longer survival. Mean survival times for clusters 1-4 were 26.0, 27.8, 3.5, and 5.2 months, respectively. No significant survival difference existed between clusters 3 and 4 (P ¼ .55) or between clusters 1 and 2 (P ¼ .48). When all patients in clusters 3 and 4 were combined and analyzed as a single group, compared with all patients in clusters 1 and 2 combined as a single group, survival difference was highly significant (P ,.001). Mean overall survival for clusters 3 and 4 combined was 4.7 months compared with 27.1 months for clusters 1 and 2 combined.
Age at diagnosis has been previously reported as a prognostic factor in AT/RTs. 4, 8 Therefore, our data were examined to determine whether diagnostic age was associated with overall survival time in our cohort. For the 18 patients in this study, mean age at diagnosis is 18.1 months. When divided into 2 groups based on this mean, no significant difference in overall survival was found for patients who received a diagnosis at age .18 months, compared with those who received a diagnosis at age ≤18 months (P ¼ .71). Dividing by older or younger than 3 years of age at diagnosis, a cutoff that has been used previously, 4 was also not significant (P ¼ .72). However, our dataset included only 2 patients .3 years of age at diagnosis and, therefore, provided little basis for comparison. Multivariate analysis (Cox regression analysis) of cluster membership and age at diagnosis of .36 months showed that cluster membership is an independent significant variable for overall survival (P , .001) (Fig. 2B ).
Genes Associated with BMP Signaling Are Significantly Upregulated in AT/RT Clusters with Shorter Survival
Gene signatures associated with individual clusters were previously presented. However, shorter survival was associated with both clusters 3 and 4, whereas both clusters 1 and 2 showed longer survival times. Therefore, to determine molecular signatures associated with survival, additional analysis was performed to identify genes differentially expressed among all samples in clusters 3 and 4 (hereafter referred to as the short survival group) compared with all samples in clusters 1 and 2 (hereafter referred to as the longer survival group).
Overall, 193 genes were differentially expressed between these 2 groups (Supplementary Table 3 ). A total of 97 genes were upregulated in the short survival group. The top upregulated gene was BMP4 (FDR ¼ 1.3 × 10 28 ), with a mean expression 270-fold higher in the short survival group. BMP4 showed little to no expression in the longer survival group (Fig. 3A) . When plotted against survival time, high BMP4 expression was consistently associated with short survival times, whereas low BMP4 was associated with a broad range of survival times (although generally longer than those with high BMP4) (Fig. 3B) . DAVID was used to look for enrichment of genes annotated in GO biological process terms or KEGG pathways. Processes enriched among upregulated genes in the short survival group included RAS signaling, tube development, and embryonic development ( Table 2) . Additional processes enriched among upregulated genes included negative regulation of apoptosis (P ¼ .01), muscle development (P ¼ .024), and skeletal development (P ¼ .025). The upregulated genes in the short survival group that contributed most frequently to enrichment of functions included BMP4, MSX1, EDN1, GATA6, IGF1, ALS2, and TFAP2A. Of note, many of the genes listed in the enriched processes are involved with BMP signaling, including BMP4, MSX1, EDN1, GATA6, GDF5, and SOST.
To further explore the relevance of BMP pathway genes to differences in survival, 2 reference gene sets were created. The first set (GS#1) consisted of all genes annotated in Gene Ontology with the term GO:30509 -BMP signaling pathway (a total of 73 genes). Because this list Fig. 1 ). One patient included in the clustering was lost to follow-up and is not included in the survival analysis. The difference between the 4 clusters was statistically significant (log rank P value ,.001). Vertical ticks indicate censored survival observations. (B) Multivariate survival model (Cox regression analysis) was used with the same patients in (A) to assess the importance of cluster membership and diagnostic age in AT/RT survival. contained significant omissions based on recent published research, a second list was also created. The second reference gene set (GS#2) consisted of all genes in the first set, augmented with additional genes known to be directly associated with the BMP signaling pathway based on recent reviews and published literature, for a total of 97 genes. Gene set enrichment analysis was used to determine whether the genes in either GO:30509 or the augmented BMP pathway list were enriched among upregulated genes in the short survival group. Significant enrichment was detected for both GS#1 (FDR ¼ 0.014) and GS#2 (FDR ¼ 0.014) (Supplementary Table 4 ). To identify all BMP pathway-related genes dysregulated between the short survival and longer survival groups, expression for all genes in the augmented list (GS#2) was examined. Of the 87 genes in the list included on the microarray platform used in this study, 25 (29%) were dysregulated (P , .05), 18 were upregulated, and 7 were downregulated in the short survival group compared with the longer survival group (Fig. 4) . Two additional genes (ID1 and FSTL1) showed a strong trend toward upregulation (P ¼ .06). Ligands BMP4, GDF5, GDF11, and GDF15 and direct transcriptional targets MSX1, MSX2, ID1, ID3, BAMBI, SMAD6, SMAD7, and SOST were among the upregulated genes. Receptor BMPR1B and transcriptional target ID4 were among the downregulated genes.
To gain additional insight into the molecular differences between the short and longer survival groups, Ingenuity pathway analysis was used to identify interaction networks in the differentially expressed genes. The top network (Fig. 5) showed multiple linked signaling pathways revolving around BMP4, reiterating the results of gene function analysis and emphasizing the wide-ranging effects of BMP signaling in these tumors.
Genes Associated with Neuron Development and Differentiation Are Significantly Downregulated in Clusters with Shorter Survival
Ninety-six genes were significantly downregulated in the short survival group compared with the longer survival group. GLI2, part of the SHH signaling pathway, was among the downregulated genes, as were 7 genes associated with the BMP pathway. Functional analysis using DAVID showed that downregulated genes in the short survival group were strongly associated with biological processes related to neuron differentiation and axonogenesis (Table 2) . Genes GLI2, FOXG1, POU3F2, LIFR, SEMA6A, STMN3, TUBB2A, BMPR1B, ID4, CELSR2, NRXN1, and NTN1 are represented in these categories. Thus, longer survival is associated with a more specific neuronal signature, whereas shorter survival is associated with a signature common to early development of many tissues.
Expression of Key BMP Signaling Genes Measured by qRT-PCR Validates and Extends Microarray Findings
To validate the microarray data, mRNA expression of 4 genes associated with BMP signaling was examined in a subset of tumor samples from across all clusters with use of qRT-PCR (n ¼ 5). Results show 300-fold higher expression of BMP4 in samples from clusters 3 and 4 (short survival group) compared with those from clusters 1 and 2 (longer survival group) ( Supplementary  Fig. 1 ). A sixth sample from cluster 3 also showed 300-fold higher expression of BMP4 by qRT-PCR (data not shown). Similarly, SOST and MSX2, both direct targets of BMP signaling, showed substantially higher expression in samples from clusters 3 and 4. PCSK6, required to create the active, cleaved form of BMP4, was also upregulated. Relative expression measured by Enrichment of biological processes among genes differentially expressed in the short survival group (clusters 3 and 4) compared with the longer survival group (clusters 1 and 2) was examined using the Web-based DAVID bioinformatics tool. The set of up-or downregulated genes was input into DAVID for functional analysis using the categories "Gene Ontology Biological Processes" and "KEGG Pathways." Processes with enrichment P value ,.01 and containing at least 3 genes are listed.
qRT-PCR for these genes correlated highly to the microarray expression (Pearson r ¼ 0.93 -0.99). To extend our findings, 4 additional AT/RTs not included in the microarray analysis were analyzed by qRT-PCR for the above genes. Clinical characteristics of these additional samples are listed in Supplementary  Table 5 . One sample, 3074, showed high expression of BMP4, SOST, MSX2, and PCSK6, similar to that shown by samples in the short survival group; the other 3 samples showed very low expression of these genes, similar to that shown by samples in the longer survival group (Supplementary Fig. 2 ). Survival time for the patient with high expression was 2.5 months, consistent with the mean survival time in the short survival group of 4.7 months. Mean survival time for the 3 additional patients with low expression of these BMP-related genes was 27 months, with 2 patients still alive. This is consistent with the mean survival in the longer survival group (27.1 months). Thus, these 4 additional patients showed a similar pattern of high BMP gene expression associated with shorter survival as seen in our original cohort of 18 patients.
Discussion
In this study, molecular profiling of AT/RTs was performed to determine whether distinct subgroups with therapeutic or prognostic relevance exist in this diagnostic category. With use of gene expression microarray data as input to an unbiased agglomerative hierarchical clustering algorithm, 4 clusters of AT/RTs were identified that showed differing gene expression profiles. This molecular clustering also corresponds with several observable histopathological features. Tumors composed predominantly of small blue cells with few or no observed Fig. 4 . Differentially expressed BMP signaling genes. Heatmap of expression data for all genes from BMP signaling geneset #2 that showed differential expression (P , .05) in clusters 3 and 4 (short survival group), compared with clusters 1 and 2 (longer survival group). Eighteen genes were upregulated, and 7 were downregulated. Gene expression was measured by Affymetrix U133 Plus2 GeneChips.
rhabdoid cells grouped together in cluster 2 and showed significant upregulation of genes associated with neurogenesis. Cluster 4 tumors showed downregulation of genes associated with neurogenesis, brain development, and axonogenesis and higher proliferation rates (as measured by MIB1). Cluster 4 also showed specific upregulation of genes associated with choroid plexus epithelium, including transthyretin (TTR); potassium inwardly rectifying channel, subfamily J, member 13 (KCNJ13); 5-hydroxytryptamine (serotonin) receptor 2C (HTR2C); and coagulation factor V (F5). 29 The delineation between AT/RTs and choroid plexus tumors, particularly choroid plexus carcinomas, has long been a subject of debate. 30 -33 Our results suggest that, at least for some tumors, there is overlap at the gene expression level and at the histopathological level. This is also supported by a recent report showing membraneous expression of KCNJ13, previously thought to be specific to tissues with choroid plexus lineage and found by us to be upregulated in cluster 4, in 2 of 8 AT/RTs. 34 To our knowledge, our study is the first to find an association with this subset of AT/RTs and shorter survival.
In addition to different gene expression profiles, the clusters were associated with different overall survival times. Patients in clusters 3 and 4 experience significantly shorter overall survival than did those in clusters 1 and 2. Analysis of the differentially expressed genes indicates that upregulation of BMP pathway-related genes is strongly associated with shorter survival, with BMP4 showing the most significant association. Although this study did not directly measure activation of BMP signaling, the upregulation of multiple direct gene targets is suggestive that BMP signaling is active in cluster 3 and 4 tumors.
BMP4 belongs to the TGF-b super-family of secreted growth factors. This super-family consists of 2 branches, the BMP/GDFs and the TGF-b/activin/nodal genes. BMP signaling elicits a wide diversity of transcriptional programs and physiological responses that are highly variable both across different cell types and across signaling intensities. It plays a crucial role in normal development and maintenance of many tissues. In the brain, appropriate BMP signaling levels are critical to neural tube induction, 35 formation of neural crest cell populations, 36 ,37 development of the dorsal-most forebrain including the choroid plexus, 38, 39 dorsal-ventral patterning of the spinal cord, 40, 41 cell-fate decisions in neural precursors, 42, 43 and generation and differentiation of cerebellar granule cells, 44, 45 among other processes. The pleiotropic effects of BMP signaling are accomplished through 3 effectors: SMAD1, SMAD5, and SMAD8. SMADs are thought to exert their effects primarily through chromatin remodeling. 46 ,47 SWI/SNF has been shown to be essential for transcription of several TGF-b and BMP downstream signaling targets 47 -49 This raises the question of whether loss of the SWI/SNF component SMARCB1, as occurs in rhabdoid tumors, could affect BMP signaling.
In cancer, addition of BMP4 has been shown to downregulate proliferation and promote cell differentiation in both a glioma cell line 50 and in Sonic hedgehog-driven models of medulloblastoma. 51 On the other hand, BMP4 was overexpressed in malignant melanoma, where it promoted cell invasion and migration, 52 thus reinforcing that effects of BMP signaling are highly dependent on cell context and other factors. For AT/RTs, it remains to be determined whether the upregulated BMP pathway gene expression seen in this study contributes to malignancy or is merely a marker of tumors with a different biological profile. Both differentiated choroid plexus cells and precursor cell populations, from which choroid plexus arises, are known to produce BMPs. 39, 53, 54 Consistent with this, one of our molecularly defined clusters (cluster 4) showed both upregulated BMP expression and upregulation of genes normally associated with choroid plexus lineage.
Molecular profiling of CNS tumors has led to insights into signaling pathways that drive different subsets of these tumors and to identification of possible precursor cells for these tumors. 55 -57 In addition, multiple studies have identified gene signatures prognostic for survival in brain tumors. 11,14 -16,18 Most of these studies have analyzed 50 -100 or more samples, and published data from other institutions have often been available for corroboration of results. In contrast, our research examines a comparatively rare pediatric brain tumor and is based on a sample size of only 18 patients. There are currently no other published AT/RT gene expression data available for corroboration. Therefore, the findings presented here must be considered to be preliminary and will need to be evaluated further using additional patient cohorts. It would also be of interest to evaluate these findings in older patients, who are known to show better response to treatment, 4, 7, 8 because our cohort included only 2 patients .3 years of age. In addition, this study is specific to AT/RTs (RTs of the brain) and did not assess RT tumors from other locations, particularly the kidney and soft tissues, which may show other molecular characteristics.
In conclusion, this study identifies molecular factors that define subsets of AT/RTs with distinct gene expression signatures. Our data indicate that, although loss of SMARCB1 is common to all of the AT/RTs studied, other differences in underlying biology distinguish subsets of these tumors, and these differences may affect overall survival under current therapeutic regimens. As with other pediatric brain tumors, molecular profiling of RTs is a promising avenue of research that may aid in the search for improved treatment strategies for this devastating disease.
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